C igarette smoking is a major causative factor in respiratory diseases such as lung cancer, emphysema, and asthma. Moreover, indirect smoke exposure during childhood substantially diminishes lung function and increases susceptibility to respiratory infection and the development of asthma (1, 2) . Although cigarette smoke contains many diverse chemicals (Ͼ4500), its acute effects on cell function and toxicity appear to be due largely to volatile thiol-reactive components (3, 4) , of which acrolein (2,3-propenal) is the most reactive and abundant (5, 6) . Acrolein is present in mainstream cigarette smoke at concentrations of ϳ90 parts per million (ppm) 3 (5) , and ambient acrolein concentrations in smoking environments may reach levels up to 0.2 ppm (7) .
Studies in vivo demonstrate that acrolein may be responsible for many of the respiratory responses to cigarette smoke exposure. Indeed, in vivo exposure to acrolein (ranging from 0.2 to 6 ppm) causes pulmonary edema (8) , stimulates sensory nerves and airway cell proliferation (9, 10) , and diminishes pulmonary defenses against bacterial and viral infection (7, 11) . Moreover, more chronic acrolein exposure induces bronchial lesions and mucus hyperplasia (12, 13) .
At the cellular level, acrolein causes an imbalance in cell survival/death control pathways by interfering with various cellular signaling events. Several studies indicate that acrolein induces apoptosis and necrosis in various cell types (14 -17) , but acrolein was also found to inhibit apoptosis by influencing redox-sensitive caspase signaling cascades (17) (18) (19) . Such interference with apoptosis may have significant consequences during inflammatory conditions, in which apoptosis is critical in terminating inflammatory signaling.
Although acrolein exposure has been associated with inflammatory responses in vivo (13, 20) , studies have also indicated immunosuppressive properties of acrolein, because it inhibits the release of several inflammatory cytokines from macrophages, T cells, and bronchial epithelial cells (14, 21, 22) . These immunosuppressive properties of acrolein have been related to redox imbalances due to depletion of glutathione (GSH) (3) and/or direct interaction with redox-sensitive signaling pathways such as NF-B or JNK (15, (22) (23) (24) (25) . However, the in vivo significance of these immunosuppressive effects has to date not been addressed.
Based on these considerations, acrolein inhalation may affect acute or chronic inflammation, e.g., by bacterial infection or allergen challenge. Therefore, the present study was designed to determine whether acrolein exposure affects the initiation or resolution of acute airway inflammation induced by the Gram-negative bacterial cell wall component, LPS.
Materials and Methods

Model of LPS-induced acute lung inflammation
Male C57BL/6J mice (6 -8 wk) were purchased from The Jackson Laboratories and housed for a minimum of 1 wk in the animal facility at University of Vermont. The animal study protocol was approved by University of Vermont Institutional Animal Care and Use Committee (IACUC), and we followed the standards under the U.S. Animal Welfare Act. For induction of acute lung inflammation, mice were slightly anesthetized with inhalation of isoflurane and LPS (LPS; Escherichia coli serotype 055:B5; Sigma-Aldrich) was instilled intratracheally (i.t.) in a total volume of 50 l in PBS to a final dose of 300 g/kg, by pipetting 50 l into the larynges. The dose was based on previous studies (26 -28) . Animals recovered quickly from the procedure with only mild discomfort.
Acrolein exposure
At various times before or after LPS instillation, animals were exposed to acrolein vapor for 6 h/day for up to 3 days, at a concentration of 5 ppm (11.5 mg/m 3 ), in a closed exposure chamber under relative negative pressure (Ϫ1 cm H 2 O compared with room pressure) to avoid leaking. Acrolein (Fluka BioChemika) was placed in a glass apparatus in a 45 o C water bath (slightly below its boiling point), and acrolein vapor was mixed with filtered air by delivering constant air flow (pressure of 2.5 cm H 2 O), and its concentration was continuously monitored by using an infrared sensor (Miran SapphIRe model M205; Thermo Scientific). Acrolein concentrations were adjusted to 5 ppm, the highest tolerable concentration that does not induce acute lung toxicity (e.g., see Ref. 7) . During exposures, mice were kept in wire bottom cages, and control mice were kept in environmental filtered air under similar conditions.
Collection of lung tissues and lung lavage
At selected times after acrolein exposure and LPS challenge, animals were sacrificed by i.p. injection of sodium pentobarbital and exsanguinated. Lungs were lavaged 3 times with 500 l of sterile PBS, and lavage fluids were kept on ice until processing. The lungs were subsequently removed and right lobes were fixed in 4% buffered paraformadehyde for 24 h and transferred to 70% ethanol for analysis of lung histology, which was performed on 5-m thick sections stained with H&E and observed by light microscopy at 400ϫ magnification. Left lung lobes were snap frozen in liquid N 2 for biochemical analysis, or placed in RNAlater (Ambion, Texas) for 24 h before storage at Ϫ20 o C, for subsequent mRNA extraction. Lung lavage fluids were centrifuged (15Ј, 420 ϫ g), and supernatant were stored at Ϫ80
o C for subsequent analysis of protein and cytokine levels. Cell pellets were resuspended in 1 ml of PBS for total cell counting using a hemacytometer, and cytospins were prepared for differential cell counts by staining with a modified Giemsa method (Protocol Hema 3; Fischer). At least 200 cells were counted per slide.
Protein analysis
Proteins from lung lavage supernatant were quantified using a BCA method to evaluate vascular permeability to airways (Pierce).
Bio-Plex cytokine assay
Lung lavage samples were analyzed for a panel of Th1 and Th2 cytokines using a Bio-Plex kit according to the manufacturer's instructions (Bio-Plex mouse cytokine Th1/Th2 panel; Bio-Rad). Anti-cytokine bead suspensions were mixed with the samples in a 96-well plate, and processed for detection using a Bio-Plex suspension array reader (Bio-Rad).
Analysis of cytokine levels
Concentrations of IL-4, IL-12p70, IFN-␥, and TNF-␣ were measured in lung lavage supernatants using ELISA (Quantikine cytokine ELISA kit; R&D Systems), as recommended by the manufacturer.
Apoptosis assay
Lung lavage cells were obtained as described above, washed two times with cold PBS, and resuspended for analysis of apoptotic cells using an annexin V-FITC apoptosis detection kit (BD Bioscience). annexin V/propidium iodide-positive cells were analyzed by flow cytometry, as described previously (24) , after gating the flow cytometer to primarily detect recovered neutrophils.
Quantitative real time RT-PCR analysis of cytokine mRNA
Lung tissue mRNA was extracted using TRIzol (Invitrogen) as described previously. Briefly, 1 g of total RNA was used to prepare cDNA with M-MLV reverse transcriptase and Oligo(dT)12-16 primer. The cDNA solution was diluted 1/10 and 1 l of the first strand cDNA product was amplified using FAM assay on demand (Applied Biosystems) for the housekeeping gene GAPDH (FAM channel) and SYBR Green method for inflammatory cytokines with the following primers were used: mouse IL12p35: 5Ј-ATGACCCT GTGCCTTGGTAG-3Ј/5Ј-CAGATAGCCCATCACCCTGT-3Ј; IL-12p40: 
Ϫ⌬⌬CT
. PCR products were also evaluated using 1% agarose gel with ethidium bromide to confirm molecular size.
Phosphoprotein Bio-Plex assay
Frozen lung tissue was ground in liquid N 2 and extracted in Bio-Plex lysis buffer (Bio-Rad), and equivalent amounts of protein were analyzed using a Bio-Plex phosphoprotein assay (Bio-Rad) following the manufacturer's instructions. Results were expressed as the ratio between fluorescence intensity of phosphorylated target and total target (IB␣ or JNK).
NF-Bp65 activity assay
Nuclear proteins were obtained from ground frozen lung tissues using a nuclear extraction kit (Chemicon International), and protein concentration was quantified using the BCA method. NF-Bp65 activity was measured in 10 g of nuclear protein using the Active Motif TransAM NF-Bp65 detection kit (Active Motif), following the manufacturer's instructions, and data were corrected for blank wells and expressed as absorbance at 450 nm.
Statistical analysis
Data are expressed as mean Ϯ SEM, and analyzed by one-way ANOVA, and the posttest choice was Tukey's test for nonparametric data and Bonferroni's test for parametric data as suggested by SigmaPlot 9.0 software (Systat Software). A t test was used for comparison of the PCR results for experiments with Յ3 groups. Results were considered statistically significant if p Ͻ 0.05.
Results
Acrolein exposure does not prolong the inflammatory response by LPS
In previous studies, we reported that acrolein is capable of inhibiting apoptotic signaling in neutrophils (19, 24) , which we proposed could lead to decreased neutrophil clearance during inflammatory processes resulting in prolonged and enhanced inflammation. To test this possibility, we investigated the impact of acrolein inhalation (5 ppm) on the transient inflammatory response induced by intratracheal LPS instillation. Based on previous findings that LPS-induced inflammation reached an optimum after ϳ24 h, and declined at 48, 72, and 96 h (27, 28) , acrolein exposure was initiated 18 h after LPS challenge for 6 h, and the 6 h/day acrolein exposure was repeated the next 2 days. Animals were harvested at the end of each acrolein exposure (24, 48 , and 72 h after LPS instillation; Fig. 1A ).
As shown in Fig. 2A , LPS instillation resulted in significant and transient lung inflammation, with the highest number of cells recovered by lung lavage after 24 h, and reduced numbers at 48 and 72 h, consistent with resolution of the inflammatory response. Cell identification by differential staining demonstrated that the major recruited cell type was neutrophils (Ͼ90%; Fig. 2C ), with slightly increased numbers of macrophages and lymphocytes also observed, primarily at later time points (Fig. 2, B and D) . No detectable eosinophils were observed. Lung tissue staining with H&E revealed the recruitment of neutrophils to airways, perivascular and parenchymal compartments (data not shown).
Exposure to acrolein (5 ppm, 6 h/day) alone did not cause significant pulmonary inflammation (Fig. 2) . Moreover, acrolein exposure did not significantly affect airways neutrophilia induced by LPS or the resolution of airway neutrophilia, illustrated by similar numbers of total lung lavage cells and neutrophils at each time point (Fig. 2 , A and C). However, acrolein exposure did significantly increase macrophage numbers in LPS-challenged animals at 24 and 72 h ( Fig. 2B ) and reduced LPS-induced lymphocyte recruitment at each time point (which was statistically significant at 24 h; Fig. 2D ). Similarly, tissue inflammation as assessed by H&E staining showed no significant changes after acrolein exposure (data not shown).
As another index of acute lung injury by LPS, we measured lung lavage protein levels, which indicate epithelial permeability and pulmonary edema. As expected, LPS instillation resulted in a significant increase in lung lavage protein levels (Fig. 3A) , peaking at FIGURE 1. Schematic diagram of experimental design. A, For analysis of acrolein exposure on the time course of LPS-induced inflammation, LPS was instilled at time 0, and exposure to 5 ppm acrolein was initiated after 18 h for a period of 6 h, which was repeated on the next 2 days. Mice were euthanized immediately after acrolein exposure, at 24, 48, and 72 h after LPS instillation. B, Mice were exposed to acrolein, started immediately following i.t. instillation of LPS, for a period of 6 h, and euthanized at 24 h later. C, Mice were preexposed to 5 ppm of acrolein for 6 h, before i.t. instillation of LPS and were euthanized 24 h after LPS challenge. In each case, time-matched control animals were included that received only LPS or were exposed to acrolein only. FIGURE 2. Effect of acrolein exposure on the time course of LPS-induced inflammation in mice. C57BL/6J mice were exposed to LPS and/or acrolein according to protocol A in Fig. 1 , and bronchoalveolar lavage (BAL) fluids were collected for analysis of total BAL cells (A), macrophages (B), neutrophils (C), and lymphocytes (D). Data are expressed as mean Ϯ SEM (n ϭ 3 for each treatment). Multiple comparisons were performed using one-way ANOVA and Tukey's test. ‫,ء‬ p Ͻ 0.01 vs naive mice and acrolein groups. #, p Յ 0.05 vs mice exposed to LPS only. 48 h, and declining thereafter. LPS-induced increases in lung lavage protein levels were significantly decreased by acrolein exposure at 48 and 72 h, whereas acrolein exposure alone did not affect lung lavage protein levels.
Effects of acrolein inhalation on neutrophil apoptosis
Based on our previous findings that acrolein can inhibit apoptosis of human neutrophils (24), we initially performed experiments with bone marrow neutrophils from C57BL/6J mice, isolated as previously described (29) . As expected, treatment of mouse bone marrow-derived neutrophils with acrolein similarly suppressed caspase-3 activation, inhibited constitutive apoptosis, and increased necrosis (analyzed by annexin V and propidium iodide labeling and flow cytometry; results not shown). To determine the effects of in vivo acrolein inhalation on apoptosis of extravasated neutrophils after LPS-induced airway inflammation, lung lavage fluids from LPS-challenged mice (with or without acrolein exposure) were collected and lavaged cells were stained with annexin V and propidium iodide for analysis by flow cytometry. Recovered percentages of apoptotic (annexin V-positive) and necrotic (PIpositive) cells were 4.0 Ϯ 1.3 and 0.08 Ϯ 0.07 24 h after LPS challenge, and 3.1 Ϯ 0.6 and 0.21 Ϯ 0.26 after LPS challenge followed by acrolein exposure (n ϭ 4). Although differences were not statistically significant, acrolein exposure tended to reduce the a Cytokine levels were measured by multiplex analysis (Bio-Plex) in lung lavage fluids obtained 24 h after exposure to LPS and/or acrolein, according to Fig. 1A . All values are expressed as pg/ml (mean Ϯ SEM; n ϭ 3 mice each); nd, not detectable.
number of apoptotic cells and increase necrotic cells, consistent with the in vitro studies (24) .
Acrolein exposure inhibits cytokine production in response to LPS
LPS-induced airway inflammation is known to be mediated by TLR4-dependent signaling and production of proinflammatory cytokines and chemokines. As a first approach to determine the effects of acrolein exposure on LPS-induced cytokine and chemokine production, we screened lung lavage fluids for a panel of Th1 and Th2 cytokines, using a multiplex protein detection system (Bio-Plex; BioRad). Results are presented in Table I and show that LPS instillation induced primarily Th1 cytokines such as TNF-␣, IL-12p70, IFN-␥, and GM-CSF. Exposure of LPS-challenged mice to acrolein decreased the production of some cytokines, such as IL-2, IL-10, IL-12p70, and IFN-␥, but appeared to enhance the production of other cytokines, such as IL-5, GM-CSF, and TNF-␣ (Table I) . To verify some of these results, we performed ELISA on lung lavage fluids, and confirmed that LPS-induced production of IL-12p70, IFN-␥, and TNF-␣ at 24 and 48 h were significantly reduced after acrolein exposure (Fig. 3, B-D) . Levels of these cytokines reduced to near normal levels after 72 h. Curiously, analysis of TNF-␣ concentrations by ELISA revealed significant reduction of LPS-induced TNF-␣ production after exposure to acrolein (Fig. 3B) , in apparent contrast to the Bio-Plex data in Table  I . However, the marked decreases in IL-12p70 and IFN-␥ observed by ELISA were consistent with the Bio-Plex data.
We next determined whether these changes in cytokine levels were also seen at the level of mRNA expression, as analyzed by quantitative real time PCR. As shown in Fig. 4 , LPS challenge markedly enhanced expression of IL-12p40, IFN-␥, and TNF-␣, which was in some cases significantly suppressed after acrolein exposure, consistent with the ELISA results in Fig. 3 . Moreover, acrolein exposure also tended to reduce basal mRNA levels of IL-12p40 and IFN-␥, and significantly reduced basal IL-12p35 expression. In contrast to these suppressive effects of acrolein exposure, induction of GM-CSF mRNA expression by LPS tended to be further enhanced in response to acrolein, consistent with increased GM-CSF production as analyzed by Bio-Plex (Table I) . Because IFN-␥ is known to induce NOS2, an important mediator of inflammation and host defense, we also analyzed effects of acrolein exposure on LPS-mediated induction of NOS2 (28) and observed a strong trend toward reduced NOS2 expression after acrolein exposure (Fig. 4F) .
Effects of acrolein on the initiation of LPS-induced inflammation
Based on the observed changes in cytokine production in the studies described above, we next determined the effect of acrolein exposure on more proximal cytokine/chemokine signaling during LPS-induced inflammation, by initiating acrolein exposure immediately after LPS challenge (Fig. 1B) . As shown in Fig. 5A , while acrolein exposure in this scenario did not significantly alter LPSinduced increases in total lung lavage cells and neutrophils, there was showed a trend toward increased neutrophilic inflammation in the LPSϩacrolein exposed mice. A similar trend was also observed after analysis of lung lavage protein levels, which increased significantly in response to LPS and tended to be further enhanced by simultaneous acrolein exposure (Fig. 5B) . Because acrolein inhalation itself did not induce significant inflammation or protein leak (Fig. 3A) , the apparent effect of acrolein exposure on LPSinduced inflammation may be synergistic. Histological analyses revealed a relatively similar degree of tissue inflammation between mice treated with LPS alone and mice that were also exposed to acrolein (data not shown). However, analysis of IL-12p70, IFN-␥, and TNF-␣ production demonstrated suppressive effects of acrolein that were qualitatively similar to those described when acrolein was given 18 h after LPS. Although LPS significantly increased the production of IFN-␥ and IL-12p70, no IFN-␥ or IL-12p70 were detectable when animals were simultaneously exposed to acrolein (Fig. 5C) . However, the LPS-induced increase in TNF-␣ was not significantly affected by acrolein exposure, indicating that exposure did not interfere with cytokine quantification by ELISA. Analysis of mRNA levels of these cytokines by RT-PCR confirmed their increased expression after LPS, but did not reveal significant changes in response to acrolein exposure (data not shown), which suggests that these effect of acrolein is at posttranscriptional level.
Effect of acrolein pre-exposure on LPS-induced inflammation
Because acrolein is capable of inhibiting NF-B activation and could thereby attenuate LPS-induced inflammation (22, 23, 30) , we performed a third set of studies in which mice were first exposed to acrolein (5 ppm, 6 h) before induction of inflammation by LPS instillation (Fig. 1C) . In this scenario, LPS-induced neutrophilia and lung permeability was not affected by acrolein pre-exposure, although a slight trend toward reduced lung lavage protein levels was noted after acrolein exposure (Fig. 6, A and B) . Moreover, the extent of tissue inflammation was similar in both cases (data not shown). LPS-induced production of Th1 cytokines, especially IFN-␥, again appeared to be reduced by acrolein exposure (Fig. 6C) , although no statistically significant effects were seen on LPS-induced induction of mRNA of these cytokines (data not shown).
Acrolein decreases NF-B activation in vivo
To address the potential mechanism by which acrolein inhalation suppresses LPS-induced cytokine production, homogenates, or nuclear extracts from lung tissues of LPS-challenged mice with or without acrolein exposure (5 ppm/6 h) were analyzed for phosphorylation of IB-␣ and JNK or NF-B activity, based on recent studies demonstrating that reduced macrophage cytokine production by cigarette smoke is related to alterations of these signaling pathways (21, 31) . As illustrated in Fig. 7A , NF-Bp65 activity in nuclear extracts was markedly enhanced after LPS challenge, as expected. Moreover, both basal and LPS-induced NF-Bp65 activity was significantly reduced following exposure to acrolein compared with exposure to room air. Analysis of IB␣ phosphorylation using Bio-Plex did not reveal significant differences in the phospho/total IB␣ ratio between LPS-air and LPS-acrolein treated mice, suggesting that acrolein exposure did not prevent or reduce phosphorylation of IB␣ but rather suppressed NF-B more downstream, such as at the level of NF-B nuclear translocation or DNA binding (Fig. 7B) . Because acrolein might also affect cytokine expression by inducing JNK phosphorylation and activation of c-Jun (31, 32), we analyzed JNK phosphorylation in lung tissues of LPS and acrolein-exposed mice. As shown in Fig.  7C , no significant increases in overall JNK phosphorylation were observed in response to LPS or acrolein. 
Discussion
This study was designed to test two separate hypotheses. First, based on our in vitro studies (19, 24) , we proposed that acrolein inhalation during ongoing airway inflammation may prolong inflammation by negatively affecting neutrophil apoptosis and clearance. Conversely, we rationalized that acrolein inhalation might also suppress inflammatory cytokine production and inflammation by inhibition of, e.g., NF-B signaling in airway epithelial cells (22, 33) or macrophages (23), which is essential for LPS-induced neutrophilia (30, 34) . Our current study shows that exposure to subtoxic concentrations of acrolein (5 ppm, 6 h/day for up to 3 days), which are representative of indoor environmental conditions due to smoking, wood burning, or cooking (7), does not induce significant inflammation by itself, in apparent contrast with some previous studies (13) . Moreover, acrolein exposure at this level did not significantly affect overall acute lung injury and airways neutrophilia in response to LPS, except for a tendency to increase LPS-induced neutrophilia during simultaneous exposure to LPS and acrolein. However, LPS-induced increases in the production of several Th1 cytokines after LPS challenge, especially IL-12 and IFN-␥, were diminished in the presence of acrolein exposure. Similarly, the appearance of lymphocytes within lung lavage fluids after LPS challenge was found to be reduced in acrolein-exposed animals (Fig. 2D) , which is consistent with the reduced production of Th1-polarizing cytokine levels (e.g., IL-12) that are known to contribute to T cell proliferation (35) . In this regard, our findings are in accordance with recent observations that smokers' lungs are relatively depleted of Th1 cytokine-secreting cells (36) and would suggest that these findings may be, in part, due to acrolein within cigarette smoke.
Although acrolein has been shown to induce apoptosis in various cell types (14, 15, 17) , it can also inhibit constitutive or stimulated apoptosis by direct or indirect effects on caspase cascades (18, 24) , which may contribute to prolonged neutrophil or lymphocyte survival or necrosis, and enhance inflammation. Indeed, neutrophil apoptosis in LPS-challenged mice appeared to be slightly reduced after exposure to 5 ppm acrolein, but the extent to which this occurred was apparently not sufficient to result in significant changes in overall neutrophilia or its resolution.
Our observations of decreased cytokine production by acrolein are consistent with a number of in vitro studies that have demonstrated the ability of acrolein to suppress inflammatory cytokine production by macrophages, epithelial cells, or T lymphocytes (14, 21, 22) and are in line with observations that acrolein exposure decreases antibacterial or antiviral host defense (7, 11) . These collective findings also suggest that acrolein may be primarily responsible for the observed adverse effects of smoking or exposure to second-hand smoke on susceptibility to infections (1, 37) . Indeed, it was recently observed that exposure of mice to sidestream cigarette smoke increases respiratory syncytial virus gene expression, which was related to suppressed Th1 cytokine responses and an alteration in Th1/Th2 cytokine balances (37) . Similarly, exposure to sidestream smoke was also reported to induce exaggerated Th2 responses in a mouse model of allergic airway inflammation (38) . Similar findings of imbalanced Th1/Th2 cytokine signaling in our studies in response to acrolein exposure strongly suggest that these adverse effects of cigarette smoke exposure may be largely due to effects of acrolein. Intriguing recent studies also point to acrolein as a prominent player in cigarette smoke-induced lung cancer (39) .
Although it is well known that LPS-induced neutrophilic inflammation is mediated by TLR-4/CD14 activation, and NF-Bpromoted induction of inflammatory cytokines such as TNF-␣, IL-1␤, IL-6, GM-CSF, and MIP-2 (30, 40) , questions still exist as to what extent these cytokines are responsible for recruitment of neutrophils into the alveolar space. Indeed, it was recently shown that TNF-␣ and IL-1␤ are not essential for airways neutrophilia induced by LPS (40, 41) . Hence, it is not necessarily surprising that observed changes in lung lavage cytokine levels due to acrolein exposure were not associated with significant changes in airway neutrophilia. Neutrophil emigration into the airspaces in response to inhaled LPS depends primarily on adhesion molecules and on trans-endothelial or -epithelial permeability (42, 43) . In this regard, recent findings that 4-hydroxy-2-nonenal, an unsaturated FIGURE 7. Effect of acrolein exposure on activation NF-B and JNK. C57BL/6J mice received intratracheal LPS and were immediately exposed to either 5 ppm acrolein or room air for 6 h, and euthanized. Lung tissues were collected for analysis of NF-B p65 activity (A) and for phosphorylation status of IB␣ (B) and JNK (C), as described in the Materials and Methods section. Results are expressed as mean Ϯ SEM (n ϭ 5-6). ‫,ء‬ p Ͻ 0.05. aldehyde with properties similar to acrolein (5), causes endothelial barrier dysfunction (44) may suggest that acrolein can promote neutrophil emigration by similar effects on airway epithelial barrier function. Such mechanism could help explain the observed trend toward increased overall LPS-induced inflammation by acrolein inhalation during the initial 6 h following LPS challenge (Fig. 2C) , the time frame during which neutrophil emigration commences (27, 43) . As such, possible inhibitory effects by acrolein inhalation on airway inflammation by decreasing cytokine production could have been canceled out by increased airway inflammation due to alterations in neutrophil apoptosis or epithelial permeability.
One potential mechanism by which acrolein exposure may have suppressed Th1 cytokine production (IL-12 and IFN-␥) is by upregulation of the anti-inflammatory cytokine, IL-10 (35). However, although acrolein exposure tended to increase IL-10 production, no significant differences were observed in IL-10 production by LPS with or without acrolein exposure (Table I) . It is more likely that acrolein inhibits cytokine production by more direct effects on signaling pathways involved in the transcriptional activation of these cytokines. Indeed, previous studies have shown that in vitro exposure to acrolein can directly inhibit the induction of inflammatory cytokines by macrophages, epithelial cells, or T cells after appropriate stimulation (14, 21, 22) . However, contrary to some of these studies, our results suggest that acrolein does not cause general suppression of proinflammatory cytokines, because expression and production of GM-CSF appeared to be enhanced by acrolein exposure (Fig. 4) . Because GM-CSF enhances neutrophil survival (45) , increases in GM-CSF production by acrolein may promote neutrophilia, as was suggested in some of our studies (e.g., see Fig. 5 ).
The precise mechanisms by which acrolein or cigarette smoke affects cell signaling pathways is unknown, but they appear related to changes in cellular GSH status and consequent effects on redoxsensitive signaling pathways such as NF-B (46, 47) . Indeed, cigarette smoke and acrolein can readily decrease intracellular levels of GSH, due to conjugation reactions catalyzed by GSH S-transferases (GSTs) (48 -50) . Cellular GSH status may play an important role in the regulation of many signaling pathways, such as the activation of MAPKs. For example, reductions in GSH levels by oxidants were recently found to be associated with increased activation of JNK and inhibition of p38-MAPK activation, which collectively resulted in reduced macrophage IL-12 production in response to LPS (32) . Moreover, oxidant exposure was recently found to suppress IL-12p40 expression due to interference with NF-B pathways (51) . Previous findings that acrolein can deplete cellular GSH, suppress NF-B (22, 23) , and activate JNK (25, 52) suggest that acrolein might inhibit the production of IL-12p70 and IFN-␥ by a similar mechanism. Furthermore, depletion of cellular GSH in APCs has been associated with polarization to a Th2 response, with reduced production of Th1-polarizing cytokines such as IL-12 (53, 54) , which suggests that cigarette smoke-derived acrolein might similarly contribute to Th1/Th2 imbalances and promote the development of allergic airway disease. In our study, activation of NF-B in response to LPS challenge in vivo was indeed suppressed after inhalation of acrolein (5 ppm/6 h). This finding is also in accordance with observed reduced NF-B activation of ex vivo alveolar macrophages from cigarette smoke-exposed mice (31) . Although acrolein is capable of activating JNK and inducing c-Jun phosphorylation (25) , acrolein inhalation under our conditions did not significantly affect JNK phosphorylation in lung tissues in vivo (Fig. 7) .
In addition to indirect cellular effects in response to altered cellular GSH status, acrolein could also directly target functional proteins by Michael addition to cysteine, histine, or lysine residues (5, 55, 56). For example, recent studies indicated that inhibition of caspase activation by acrolein is largely due to direct caspase modifications rather than indirect effects due to GSH changes (18) . Similarly, several studies have suggested that acrolein can inhibit NF-B activation by direct alkylation of IB kinase or inhibit DNA binding by alkylation of NF-B (22, 23, 57, 58) . Our observation that acrolein inhalation reduced NF-B activation, but did not significantly suppress IB␣ phosphorylation, suggests that acrolein may inhibit this pathway by an alternative mechanism. This might involve direct modification of NF-B protein (58) or inhibition of ligand-induced dimerization of TLR4 (59) . Given the complexity of overall NF-B regulation, by many diverse activators and in multiple lung cell types, elucidating the precise mechanism of action by which acrolein interferes with this general signaling pathway will be difficult, and future studies will be needed to better address the mechanisms by which acrolein and other relevant aldehydes can impact on this and other signaling pathways and to identify their critical cellular and molecular targets.
In summary, our present studies demonstrate that (sub)acute exposure to acrolein does not significantly alter transient neutrophilia and acute lung injury in response to LPS challenge. However, significant and selective changes in Th1 cytokine production implicate the possible importance of acrolein in impaired innate immune responses against airways infections observed in acute and chronic smokers (11, 60) . Decreases in Th1 cytokine expression by acrolein may also highlight a potential mechanism by which smoking contributes to alterations in acquired immunity and development of allergic airways diseases such as asthma.
